Introduction
============

Recent studies have demonstrated that multiple cell types can be derived *in vitro* from human embryonic stem (hES) cells. Transplanted neurons developed from hES cells have also been reported to integrate successfully *in vivo*\[[@b1]\]. Together, these important findings indicate the great advantages and opportunities that these cells may offer as a source of specialized human cells for biotechnological and future clinical therapeutic applications. Crucial to the success of generating specialized cell populations is an understanding of the mechanisms influencing the control of cell growth and differentiation by extrinsic and intrinsic factors.

During embryonic development, morphogens such as bone morphogenic protein, sonic hedgehog, fibroblast growth factors (FGFs) and retinoic acid, act as inductive signals for neuronal specification by interacting in unique temporal orders \[[@b2]--[@b4]\]. The neurotrophins are a family of growth factors that include nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and NT-4, which have central roles in the development of the nervous system and act by stimulating receptor tyrosine kinases (Trk) and the p75 neurotrophin receptor (p75^NTR^). These factors mediate proliferation and differentiation of neuronal precursor cells and can also regulate neurotransmitter release, long-term potentiation, axonal and dendritic growth and guidance, and synaptic plasticity \[[@b5]\]. Earlier studies on hES cells have shown that neurotrophic factors can mediate hES cell survival and also modulate their fate \[[@b6], [@b7]\].

Both neuronal nicotinic (nAChRs) and muscarinic AChRs (mAChRs) have important roles in cognitive functions \[[@b8], [@b9]\]. The majority of high affinity nAChRs in the brain are of the α~4~β~2~ nAChR subtype, whereas α7 nAChRs are expressed early in development and have been shown to be important in the modulation of synaptic plasticity and the transduction of neuroprotective effects against β-amyloid induced neurotoxicity \[[@b9]--[@b11]\]. Cognitive impairment in patients with Alzheimer's disease (AD) has been correlated with losses of nAChRs detected by measurements carried out by positron emission tomography (PET) \[[@b12]\]. We have previously observed an increase in the number of ^11^C-nicotine binding sites by PET in AD patients following ventricular administration of NGF \[[@b13]\]. Another recent clinical study revealed a reduced rate of cognitive decline in AD patients who received implants of genetically modified fibroblasts expressing NGF \[[@b14]\]. However, up to now, there have been no reported studies exploring the possibility of using hES cell-derived neurons for enhancing cholinergic functions in AD.

Here we provide evidence that hES cell-derived neuronal cells express both nAChR and mAChR subtypes. The functionality of cholinergic receptors was demonstrated by measuring acetylcholine (ACh)-evoked calcium responses. Furthermore, exposure of hES cells to neurotrophic factors during differentiation differentially modulated the expression of various subunits of nAChRs and mAChRs, and the ACh-synthesizing enzyme choline acetyltransferase (ChAT).

Materials and methods
=====================

Cell culture and proliferation assays
-------------------------------------

Human ES cells, derived at Karolinska Institutet, Karolinska University Hospital Huddinge (lines HS293 and HS346) were grown on human foreskin fibroblasts as earlier described \[[@b15]\]. Colonies of cells were then removed from the feeder layer and the culture was expanded in DMEM:F12 medium supplemented with B27, heparin and epidermal growth factor (EGF) + bFGF (20 ng/ml) as free-floating aggregates (neurospheres) and routinely passaged mechanically every 2--3 weeks. Neurospheres were passaged two to five times prior to analysis.

For proliferative assays, neurospheres derived from hES cells were dissociated with 0.1 mg/ml dispase for 10 min. at 37°C. Cells were adjusted to 50,000 cells/ml and plated on culture dishes 24 hrs prior to the administration of BDNF, CNTF, NT-4 or NGF (all at a concentration of 50 ng/ml; Invitrogen, Bleiswijk, Holland). Measurement of cell proliferation using a BrdU incorporation assay was carried out according to the manufacturer's instructions (Roche, Mannheim, Germany).

Reverse transcription-PCR
-------------------------

Extraction of RNA was carried out with Trizol reagent (Invitrogen). RT-PCR analyses were performed as previously described \[[@b16]\]. Amplification of cyclophilin or omission of reverse transcriptase served as positive and negative controls, respectively. The cDNA was amplified by the following primers; Cyclophilin (sense) 5′-TTGTTTTAGAATTGTTTGCAGATATT-3′, (anti-sense) 5′- TTTTTAATAGCCATCTCCCAGTTCT-3′; TrkB (sense) 5′-CCCACTCACATGAACAATGG-3′, (anti-sense) 5′-TCAGTGACGTCTGTGGAAGG-3′; TrkC (sense) 5′-AAGCGAGAACTGGGTGAGG-3′, (anti-sense) 5′-ATGTGGAGCATTTGGGAGAG-3′; p75^NTR^ (sense) 5′-CCTACGGCTACTACCAGGATG-3′, (anti-sense) 5′-TGGCCTCGTCGGAATACG-3; Dlx1 (sense) 5′-CCG AGT TGA CGT AGG GGT AGC-3′, (anti-sense) 5′- GAT GAC CAT GAC CAC CAT GCC-3′; Dlx2 (sense) 5′- CTCTGCCTGCCTCATAAGG-3′, (anti-sense) 5′-ATCGTAAGAACAGCGCAACC-3′; Gbx2 (sense) 5′-GACTTTTCGCCTCTCGCTGGCCTCTA-3′, (anti-sense) 5′- GTTGCTTCAAACACAGTGGAGTCCAC-3′; Mash1 (sense) 5′-CTCGTCTTCGCCCGAACTGATG-3′, (anti-sense) 5′-CGACAGGACGCCTGCCTGGAAG-3′; MAP2 (sense) 5′-AATAGACCTAAGCCATGTGACATCC-3′, (anti-sense) 5′-AGAACCAACTTTAGCTTGGGCC -3′; Gsh2 (sense) 5′-GGCGGACCCGCGGAGATTCC-3′, (anti-sense) 5′-CGCGTAGTGCACCTGGCTCCC-3′; Lhx6 (sense) 5′-TCAACAACCTCATCTGGCAC-3′, (anti-sense) 5′-CATGGTGTCGTAGTGGATGC-3′; Lhx8 (sense) 5′-TGCTCTCGATGTGGGAGACACAT-3′, (anti-sense) 5′-CAGAGGACTTTCTCTTCCACCAA-3′; α~3~ nAChR (sense) 5′-TGAAGCAAATCTGGAATGACTACAA-3′, (anti-sense) 5′-AGTCAAACGGGAAGTAGGTCACAT-3′; α~4~ nAChR (sense) 5′-TGG GTA CGC AGG GTC TTC C-3′, (anti-sense) 5′-GCT CAG CCG GCA CAT CCA-3′; α~7~ nAChR (sense) 5′-CGCCACATTCCACACTAAC-3′, (anti-sense) 5′-ACCTTTCACTCCTCTTGCC-3′; ChAT (sense) 5′-TGCTGCAATCAGTTCTTTGT-3′, (anti-sense) 5′-AGGCAGATGCAGCGCTCAATCATGTC-3′; M1 (sense) 5′-TGGAAGGAAGAAGAGGAAGA-3′, (anti-sense) 5′-AGGAGAGGGGACTATCAGCATT-3′; M2 (sense) 5′-GGGTCCTCTCTTTCATCCTCT-3′, (anti-sense) 5′-TCCTGGGTTATTTCATCATCT-3′; M3 (sense) 5′-GTCTGGCTTGGGTCATCTCCT-3′, (anti-sense) 5′-ACTTGCTGCTGTGGTCTTGGTC-3′; NMDAR1 (sense) 5′- GGAAGGCGCCCCCAGAAG-3′, (anti-sense) 5′- AGCCCGAGCGGAAAAACAGC-3′.

Analysis of mitogen-activated protein kinase
--------------------------------------------

Cells cultured as neurospheres were stimulated for 15 min. using 50 ng/ml of each factor and then lysed in tris-buffered saline containing 1% triton x-100 and phosphatase inhibitors. For inhibition of Trk signalling, cells were exposed to the K252a inhibitor (200 nM; Biosource, Invitrogen, Carlsbad, CA, USA) 4 hrs prior to growth factor stimulation. To remove cell debris, lysates were centrifuged at 13,000 ×*g* for 5 min. and equal amount of proteins were separated by 10% SDS-PAGE followed by western blotting. The membranes were probed with phospho-extracellular signal-regulated kinase (ERK)42/44 (1:1000, Cell Signaling Technology, Beverly, MA, USA) and the phosphorylated bands were visualized with anti-rabbit IgG conjugated to horseradish peroxidase.

Immunocytochemistry
-------------------

Cells cultured on poly-D-lysine and laminin-coated culture dishes were fixed in methanol for 15 min. at −20°C. Immunocytochemistry was carried out using standard protocols. Primary antibodies used were: Bf-1 polyclonal (1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA), brain lipid-binding protein (BLBP) polyclonal (1:200; Chemicon, Temecula, CA, USA), β-tubulin type III monoclonal (1:500; Sigma, St. Louis, MO, USA), ChAT polyclonal (1:200; Chemicon), glial fibrillary acidic protein (GFAP) polyclonal (1:200; Dako, Glostrup, Denmark), Islet-1/2 polyclonal (1:100; Santa Cruz), Ki67 monoclonal (1:200; Chemicon), MAP2 monoclonal (1:200; Sigma), nestin polyclonal (1:200; Santa Cruz), Nkx2.1 polyclonal (1:100; Santa Cruz), Pax6 polyclonal (1:200; Chemicon), p75 polyclonal (1:100; Santa Cruz), Trk polyclonal (1:200; Santa Cruz). Cells were then exposed to appropriate secondary antibodies conjugated to either Texas Red or fluorescein isothiocyanate (FITC) for 1 hr at room temperature. ACh receptors were labelled by FITC-conjugated α-bungarotoxin (Molecular Probes, Eugene, OR, USA). Hoechst nuclear stain (5 μg/ml) was performed for 15 min. Images were observed on a Nikon (Japan) E800 microscope equipped with appropriate filters.

Calcium measurements
--------------------

Cultures plated on poly-D-lysine-coated cover slips were imaged using an inverted Meta-Zeiss (Carl Zeiss AG, Göttingen, Germany) 510 LSM confocal microscope with a ×40 (numerical aperture \[NA\], 1.3) objective. The pinhole was set to produce optical sections thinner than 4 μm. Neuronal cells derived from hES cells were maintained in culture medium with pH adjusted to 7.4. The cells were loaded with the calcium-sensitive dyes Fluo-3 AM and Fura-Red AM (5 μM; Molecular Probes) for 30 min. in a buffer containing pluronic acid (0.02%). When both probes were loaded together at a ratio of 3:1 (Fura-Red: Fluo-3) this allowed semi-quantitative tracking of intracellular calcium. Experiments were carried out at 25--27°C. The excitation wavelength was 488 nm. Fluo-3 was imaged at 505--550 nm emission and Fura-Red was imaged simultaneously at \>615 nm emission. Calcium measurements were conducted in DMEM/F12 (1:1, pH 7.4) or in Krebs--Ringer--Hepes (KRH) buffer supplemented with glucose (20 mM) (KRH mM concentrations: NaCl 136, KCl 4.7, CaCl~2~ 1.25, MgSO~4~ 1.25, HEPES 20; pH 7.4). Calcium-free buffer was prepared without CaCl~2~, and EGTA (500 μM) was added. Ionomycin (2 μM; Sigma) was used to verify the responsiveness of the dyes to calcium at the end of each experiment.

Statistical analysis
--------------------

Results are expressed as mean ± S.E.M. Experimental groups that were significantly different from control groups in ANOVA with Dunnett's test (GraphPad Prism 3.0) are identified by asterisks.

Results
=======

Radial glial differentiation from hES cells in free-floating cultures
---------------------------------------------------------------------

We have previously reported that cells from six hES cell lines differentiate into neuroepithelial cells that subsequently gave rise to neurons in serum- and feeder-free culture conditions \[[@b17]\]. Here we used hES cells from two of these lines (HS293 and HS346), that were cultured as free-floating neurospheres ([Fig. 1A](#fig01){ref-type="fig"}) in serum- and feeder-free medium and routinely passaged every 2--3 weeks. One day after plating on poly-D-lysine/laminin-coated culture dishes, proliferating cells migrated from the neurospheres ([Fig. 1B](#fig01){ref-type="fig"}). Immunocytochemical staining showed that these cells expressed the radial glial markers Pax6, BLBP and GFAP ([Fig. 1C](#fig01){ref-type="fig"}--E). A few cells expressed the neuronal marker βIII-tubulin. Neither the primitive endodermal marker α-fetoprotein nor the mesodermal marker brachyury were expressed in these cells (data not shown), suggesting that the generation of neurospheres occurred without induction of endodermal or mesodermal contamination. Neural precursors derived from these neurospheres expressed Trk receptors ([Fig. 1G](#fig01){ref-type="fig"}) and these precursors gave subsequently rise to post-mitotic neurons ([Fig. 1F](#fig01){ref-type="fig"}). To activate the neurotrophin receptors, hES cell-derived neuronal cells were treated with NGF, BDNF and NT-3 for 6 days (early differentiation) and 18 days (late differentiation). CNTF was also used as a candidate factor to induce cholinergic differentiation. Measurement of cell proliferation following neurotrophic factor exposure revealed increased proliferation with NT-3 (14.1 ± 2.4%), CNTF (19.4 ± 4.0%) and NGF (18.3 ± 3.0%) but not following BDNF treatment for 18 days ([Fig. 1H](#fig01){ref-type="fig"}). RT-PCR analysis was performed on cells differentiated for 18 days and similar mRNA levels of TrkB, TrkC and p75^NTR^ were observed following stimulation with growth factors (Fig. S1). These results suggest that activation of these receptors does not affect their gene expression.

![Efficient generation of neurons from hES cells that were cultured as free-floating aggregates (neurospheres). Cells in these aggregates first differentiated to radial glial cells and then further to neurons. (A, B) Proliferative neurospheres expressed Ki67 (at 10×). (C--E) Cells migrated from neurospheres, expressing the radial glial markers Pax6, BLBP and GFAP 1 day after plating on poly-D-lysine and laminin. A few cells expressed the neuronal marker βIII-tubulin (red) (cells are shown at 20×). (F) Post-mitotic (MAP2-expressing) neurons were developed under these culture conditions. (G) Tyrosine kinase receptors were expressed on neural precursors. (H) Effects of neurotrophic factors (BDNF, NT-3 and NGF) and CNTF on cell proliferation. After 18 days, proliferation was increased following NT-3, CNTF and NGF (50 ng/ml) at \**P* \< 0.05; \*\**P* \< 0.01.](jcmm0014-1476-f1){#fig01}

Forebrain identity of hES cell-derived cholinergic neurons
----------------------------------------------------------

To define the sub-regional identity of neurons generated in the presence of neurotrophic factors, we analysed transcription factors which play key roles in brain development ([Fig. 2](#fig02){ref-type="fig"}). The pro-neural transcription factor Mash1 was expressed, which is involved in the regulation of telencephalon dorsal/ventral fates in the developing forebrain. In addition, we detected several genes expressed in the ventral telencephalon \[[@b18], [@b19]\] including Gsh2, Dlx1, Dlx2 and Gbx2 ([Fig. 2A](#fig02){ref-type="fig"}). A total of 76 ± 1.8% of the cells also expressed the forebrain restricted homeodomain protein Nkx2.1, indicating hES cell-derived progenitors with a telencephalic identity. In addition, the brain factor-1 (Bf-1) with a restricted pattern of expression in neural progenitors of the telencephalic neuroepithelium and in structures in the adult brain derived from the telencephalon, was expressed (Figs S2 and 3). To characterize medial ganglionic eminence (MGE) areas further, the LIM-homeobox genes Lhx6 and Lhx8 were analysed. The expression of Lhx6, a marker for neurons in the subventricular and submantle zones of MGE \[[@b20]\], was induced by exposure to CNTF. In contrast, BDNF and NGF up-regulated Lhx8 ([Fig. 2A](#fig02){ref-type="fig"}), a neuronal marker for the submantle and mantle zone of MGE, which is also involved in the specification of many cholinergic neurons \[[@b21]\].

![Expression of markers for sub-regional identity and for cholinergic neurotransmission in differentiated hES cells. (A) After 18 days of differentiation with BDNF, NT-3, CNTF and NGF, the cells expressed transcripts of several genes expressed the ventral telencephalon, including *Mash1*, *Dlx1*, *Dlx2*, *Gbx2* and *Gsh2*. The LIM-homeobox genes *Lhx6* and *Lhx8*, both confined to the MGE, were up-regulated with CNTF, and with BDNF and NGF treatment, respectively. (B, C) Immunostaining of hES cell-derived cholinergic cells with anti-Nkx2.1 and anti-Islet-1 antibodies 18 days after plating (at 40×). (D) The proportion of neurons expressing ChAT following treatment with neurotrophic factors. All factors tested showed statistically significant effect on the proportion of ChAT^+^ neurons. \**P* \< 0.05; \*\**P* \< 0.001 as compared to control. Values are expressed as mean ± S.E.M., *n*= 6. (E) Immunostaining of ChAT (red) in NT-3-differentiated neurons at day 18 (at 20×).](jcmm0014-1476-f2){#fig02}

To examine which signalling mechanisms are activated in hES cell-derived neuronal cells following exposure to neurotrophic factors, we analysed ERK protein expression, which is known to stimulate neurotrophin responses and neurite outgrowth \[[@b22]\]. After 15 min. stimulation, all factors examined induced phosphorylation of ERK (Fig. S4). Activation of Trk receptors by NT-3 induced the highest p-ERK expression and this induction of p-ERK expression was inhibited by 200 nM K252a, an inhibitor of tyrosine protein kinase activity. These findings suggest that neurotrophic factors were able to activate pathways that induce differentiation in these cells.

To investigate cholinergic characteristics of the hES-cell derived neuronal cells, we analysed the expression of ChAT and cholinergic receptors. Transcripts encoding ChAT were detected and the expression of ChAT was increased following BDNF, NT-3, CNTF and NGF exposure for 18 days ([Fig. 2A](#fig02){ref-type="fig"}). Consistent with the results of RT-PCR analysis, we detected expression of ChAT by immunocytochemistry ([Fig. 2E](#fig02){ref-type="fig"}). The proportion of neurons expressing ChAT was significantly increased (*P* \< 0.05) after stimulation with BDNF (69 ± 6.9%), NT-3 (69 ± 8.9%), CNTF (78 ± 5.0%) and NGF (77 ± 9.9%) compared with control (40 ± 4.8%) in late differentiated cells ([Fig. 2D](#fig02){ref-type="fig"}). In contrast, no expression of ChAT was detected in early differentiated cells (data not shown). The expression of the homeodomain proteins Nkx2.1 and Islet-1, which is associated with the development of forebrain cholinergic neurons, was co-localized with hES cell-derived ChAT^+^ neurons, demonstrating a forebrain identity ([Fig. 2B](#fig02){ref-type="fig"} and C). As virtually all cholinergic cells also were immunoreactive to the p75 receptor (Fig. S5), it is suggested that basal forebrain cholinergic neurons are derived rather than striatal neurons.

Human ES-cell derived neurons express various subtypes of cholinergic receptors
-------------------------------------------------------------------------------

We examined the expression of cholinergic receptors and found transcripts encoding α~3~, α~4~ and α~7~ nAChR subunits and M1, M2 and M3 mAChR subtypes ([Fig. 3A](#fig03){ref-type="fig"}). Exposure with BDNF, NT-3, CNTF and NGF increased the α~3~ nAChR subunit in late differentiated cells. In contrast, a small reduction was observed for α~4~ nAChR subunit following BDNF and CNTF treatment, whereas no substantial effect was observed as regards the α~7~ nAChR subunit. The α~7~ nAChR subtype was expressed in 5--10% of the cells (\>600 cells counted) and it was co-localized with expression of the neuronal marker βIII-tubulin ([Fig. 3B](#fig03){ref-type="fig"}). Furthermore, BDNF exposure also induced NMDA receptors in these cells ([Fig. 3A](#fig03){ref-type="fig"}). Together these findings suggest that BDNF, NT-3, CNTF and NGF may have multiple functions during the progression of neuronal differentiation of hES cells. We also detected transcripts encoding EAAT3, a Na^+^/glutamate transporter localized mainly in neurons, GAD~67~ and tyrosine hydroxylase, enzymes synthesizing GABA and dopamine, respectively (data not shown).

![Expression of cholinergic receptors in neurons from hES cells. (A) RT-PCR analysis of hES cell-derived neurons in late differentiated cells indicate expression of various subunits for both nAChRs and mAChRs. (B) Co-localization of α-bungarotoxin (green) and βIII-tubulin (red) (magnification 40×). Nuclei were stained with Hoechst 33342 (blue).](jcmm0014-1476-f3){#fig03}

Functional properties of cholinergic receptors
----------------------------------------------

To examine the functionality of cholinergic receptors expressed in hES cell-derived neuronal cells, cytosolic calcium was monitored by Fluo-3/Fura-Red imaging. Increased cytosolic calcium evoked by exposure to ACh was observed in a subpopulation of cells ([Fig. 4A](#fig04){ref-type="fig"}). To define an ACh-responding cell, we used an increase of over 50% of the basal fluorescence as a cut-off limit. Using this criterion, the proportion of ACh-responding cells increased in a dose-dependent manner. Concentrations higher than 1 μM evoked a calcium response in a maximum range of 50% to 60% of imaged cells ([Fig. 4B](#fig04){ref-type="fig"}). We then investigated the source of the ACh-evoked cytosolic calcium. ACh (10 μM) was applied first to identify the responding cells, and this was then followed by a second application of ACh in calcium-free conditions ([Fig. 4C](#fig04){ref-type="fig"}). The removal of extracellular calcium was ineffective in abolishing the ACh-evoked calcium increase, suggesting an intracellular origin. In addition, the mAChR antagonist scopolamine (10 μM) abolished a second calcium response ([Fig. 4D](#fig04){ref-type="fig"}), suggesting the presence and involvement of mAChRs in the mobilization of calcium from intracellular stores. In contrast, the α~7~ nAChR subtype antagonist methyllycaconitine (10 nM) was ineffective in inhibiting the ACh-evoked calcium response (data not shown).

![Cholinergic receptors mediate the calcium increase evoked by acetylcholine. (A) Image from cells loaded with the calcium-sensitive dyes Fluo-3 and Fura-Red showing a frame taken before application of 100 μM ACh (upper panel). Upon exposure to ACh the fluorescence that came from Fluo-3 increased, whereas that from Fura-Red diminished (lower panel). In the same frame, a cytosolic calcium increase turned the responding cells green, whereas non-responding cells remained red. The bar indicates 20 μm. (B) The fraction of responding cells was plotted against the logarithm of the concentration of ACh (the first application of ACh in each experiment). Each point corresponds to the counting of at least 50 cells (two to six experiments). (C) The responding cells were exposed to ACh (10 μM) two times. The first application was done in a physiological buffer supplemented with 20 mM glucose (KRH-glc). The second time, ACh was applied in calcium-free buffer (see 'Materials and methods'). The trace corresponds to an average of 11 cells and is a representative of three experiments. (D) Cells were exposed twice to ACh (100 μM). The first application shows the calcium increase elicited by ACh. The second application of ACh was performed in the presence of the mAChR antagonist scopolamine (10 μM).](jcmm0014-1476-f4){#fig04}

Discussion
==========

In the embryonic telencephalon, neuroepithelial cells and radial glial cells serve as progenitors of neurons and glial cells \[[@b23]\]. In an earlier study we demonstrated that cells from six hES cell lines (HS181, HS237, HS293, HS306, HS346, HS382) form neuroepithelial cells which then further developed into neurons using both adherent and suspension cultures in serum- and feeder-free conditions. All six hES cell lines had similar growth and differentiation characteristics at different passages \[[@b17]\]. Here we have shown that radial glial cells were derived from bFGF/EGF-expanded neurospheres, subsequently giving rise to neuronal cells.

Several signalling pathways have been implicated in the control of self-renewal and commitment of stem cells and progenitors to a neuronal fate including FGF, Wnt and Notch signalling \[[@b23]\]. Consistent with a previous report \[[@b7]\], we found that hES cells express neurotrophin receptors. Stimulation with NT-3, NGF and CNTF increased the cell proliferation following 18 days exposure. These growth factors also have regulatory roles in neuronal differentiation and neurotransmitter phenotype specification \[[@b16], [@b24], [@b25]\]. In the current study, neurotrophic factors induced a differential effect on the transcripts encoding Lhx6, Lhx8, ChAT, the α~3~ and α~4~ nAChR subunits and the M3 mAChR subtype.

Although, the roles of the LIM homeodomain genes Lhx6 and Lhx8 in early neuronal development are not completely understood, earlier studies reported that these genes may have important functions in the determination of cholinergic and GABAergic cell fates in the developing forebrain \[[@b26], [@b27]\]. The expression of Lhx8, specifically expressed in MGE areas of the embryonic forebrain and oral mesenchyme, was induced in hES cell-derived neuronal cells by BDNF and NGF, whereas Lhx6 expression, which marks other subdomains of the MGE, was induced by CNTF. On the basis of the analysis of homeodomain transcription factors Nkx2.1, Islet-1 and Bf-1, which specify the identity of progenitors and neuronal cells in the developing forebrain, we suggest that this culture system offers a way to generate specifically basal forebrain cholinergic neuronal populations. The robust cholinergic differentiation, also in the absence of neurotrophic factors, indicates a default induction for telencephalic neurons. Previous studies have identified neural progenitors with an anterior identity from hES cells \[[@b28], [@b29]\]. Derivation of forebrain specific neural progenitors from mouse ES cells using serum-free, floating cultures of embryoid body-like aggregates has also been reported \[[@b30]\].

The detection of transcripts for cholinergic receptors prompted further functional analysis of these cells. Interestingly, functional nAChRs have previously been reported in primary cultures of stem and progenitor cells from embryonic mouse cortex \[[@b31]\]. In the present study, the hES cell-derived neuronal cells represent a heterogeneous cellular system in which we could distinguish between cells responding to ACh and cells that did not respond to ACh. On the basis of the observation that ACh-evoked calcium responses were obtained at a similar magnitude after the removal of calcium from the extracellular medium, we suggest that calcium permeability was not a major contributor to the hES cell-derived neuronal cell response. In contrast to scopolamine, no substantial effect on the calcium response to ACh was observed by blocking with the α~7~ nAChR antagonist methyllycaconitine. Together, these findings suggest that the cytosolic calcium increase was mainly mediated by mAChRs. A nicotinic contribution in augmentation of cellular calcium was not observed in our experimental conditions, which may reflect the different kinetics of the ACh-evoked calcium responses mediated by mAChRs and nAChRs. It is also possible that some subtypes of receptors remain in intracellular compartments, with negligible presence on the plasma membrane.

Our findings suggest that telencephalic cholinergic neuronal cells, derived from hES, express various subtypes of both nAChRs and mAChRs. This is the first report demonstrating expression of nAChRs and mAChRs in hES cell-derived neuronal cells. Detection of ChAT^+^ cells obtained from foetal human neural stem cells has been reported earlier \[[@b32]\]. Increasing the number of cholinergic neurons generated from hES cells is of particular interest in developmental biology and for the development of cell-based replacement therapies for neurodegenerative diseases where the cholinergic system is compromised.

In an earlier study, we demonstrated that treatment with the novel drug (+)-phenserine, a drug modulating amyloid production in the brain, combined with transplantation of human neural stem cells to Alzheimer (APP23) transgenic mice, stimulated differentiation of human neural stem cell progenitors into neurons \[[@b33]\]. We therefore suggest that generation of hES cell-derived cholinergic neuronal cells will facilitate further investigations into the mechanisms of cholinergic function during development and synaptic plasticity. Functional neurons, obtained from hES cells, and expressing cholinergic receptors may be extremely useful for screening pharmacological targets for treating neurodegenerative disorders.
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**Fig. S1** RT-PCR analysis of Trk receptors in hES cell-derived neurons on day 18.

**Fig. S2** Co-localization of the homeodomain protein Bf-1 and the nuclear staining in hES cell-derived cells, demonstrating basal forebrain identity.

**Fig. S3** Co-localization of the homeodomain protein Nkx2.1 and the nuclear staining in hES cell-derived cells, demonstrating telencephalic identity of cells derived from the lines HS293 and HS346.

**Fig. S4** Phosphorylation of ERK (pERK) induced by neurotrophins in hES cell-derived neurospheres. The induction of pERK was inhibited by K252a, an inhibitor of Trk signaling.

**Fig. S5** Expression of p75 receptors on cholinergic neurons indicates basal forebrain cholinergic neurons rather than striatal neurons.
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